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The process of aging affects an individual’s potential in several dimensions, encompass-
ing the physical, cognitive, psychological, economic, and social domains. The assess-
ment of frailty in elderly patients is key to estimate their overall well-being and to predict 
mortality risk. In the clinical practice, frailty is usually estimated through medical tests 
and questionnaires performed sporadically. Continuous automatic assessment may help 
physicians in evaluating frailty by complementing their assessments with quantitative 
and non sporadic measurements. In this paper, we present the state-of-the-art in frailty 
evaluation, we summarize recent research achievements that could lead to an improved 
assessment, and we illustrate a case study we are conducting in our institution. Finally, 
based on our experience and results, we comment on the open challenges of automatic 
assessment of frailty.
Keywords: frailty index, assistive technologies, smart environments, continuous automatic assessment, motility 
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1. iNtrODUctiON
A human being is a complex organism, whose well-being may be described following several 
dimensions, encompassing the physical, cognitive, psychological, economic, and social domains. 
The process of aging typically reduces the individual’s potential in one or more of these domains, 
leading to a condition of vulnerability and clinical instability.
To highlight this condition, in the past decade, medical literature has introduced the definition 
of frail elderly, a fragile individual with an elevated risk of complications, that may result in loss 
of functional autonomy and in a high risk for adverse health outcomes, including hospitalization, 
institutionalization, and mortality (Fried et al., 2004).
As pointed out by Pilotto et al. (2008), a careful evaluation of the frailty is important to assess the 
overall well-being of the patient, to estimate the likelihood of functional loss, and to predict mortal-
ity risk. This evaluation is particularly important during hospital stay, since it is well known that 
hospitalization, especially if extended, may lead to new disabilities and may drastically deteriorate 
the risk of associated mortality [see Volpato et al. (2007) and Volpato et al. (2016) for an exhaustive 
analysis of this aspect].
Over the years, geriatricians developed different protocols to evaluate frailty — the main 
approaches will be reviewed in Section 2. These protocols are characterized by the same goal, but 
lacking a universally accepted standard, they follow different strategies (De Vries et al., 2011). Some 
of them are one-dimensional, as they focus on one specific domain (either cognitive or physical), 
other are multi-dimensional and take into account different domains, as discussed in Roppolo et al. 
(2015). In any case, all of them are sporadic, subjective, and can not be performed by a non-expert 
physician. Last, but not least, they suffer from bias due to the possible effect of patient’s anxiety 
toward medical tests and questionnaires.
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Recently, with the advent of the assistive technologies, 
various approaches to the automatic analysis of a patient’s health 
status and behavior have been proposed. In Section 3, we will 
summarize the results of research carried out in the field, with 
a special reference to methods estimating automatically gait, 
behavior, motility, or activities of daily living, see for instance 
(Gianaria et al., 2016). In this paper, we discuss the potential of 
these approaches in the assessment of frailty. A core aspect of 
automatic methods is their objectivity, and the fact they allow 
for a better, or complementary analysis of human’s behavior. 
Moreover, automatic systems also have a potential for a continu-
ous analysis of the patient, or at least for an assessment covering 
longer periods of time, which would improve the statistical 
significance of the outcomes (Cao et  al., 2009; Zouba et  al., 
2010). As a further potential application, such automatic analysis 
could be carried out in homey environments, where the patient 
feels more comfortable, inducing a lower behavioral bias. These 
aspects will be discussed with the aim of identifying a longer 
term perspective of current research.
Since our analysis grounds on a study case, we are carrying out 
within the MoDiPro project, a prototype of a smart environment 
designed as a protected discharge facility. MoDiPro is located in 
E.O. Ospedali Galliera (Genova, Italy) with the goal of assessing 
the feasibility and acceptability of automatic and continuous 
assessment of frailty and overall well-being. In Section 4, we will 
describe the concept underlying the project, summarize mean-
ingful results we have achieved so far on the continuous and non 
invasive evaluation of motility features, and future development, 
and highlight its potential on the automatic continuous assess-
ment of frailty. Finally, in Section 5, we analyze the potential and 
the challenges the research community will have to face, both 
from the medical and the technological view point.
2. HOW FrAiLtY is evALUAteD BY 
GeriAtriciANs
One of the most commonly accepted operational definition of 
frailty is the classification proposed by Fried et al. (2001), where 
the authors define frailty as a clinical syndrome in which three or 
more of the following criteria are present: unintentional weight 
loss, exhaustion, decreased grip strength, slow gait speed, and low 
physical activity.
An accurate estimation of frailty of an elderly person is an 
important objective to assess the overall patient well-being and to 
predict the risk of mortality (Pilotto et al., 2008; Angleman et al., 
2015). Moreover, a correct quantification of frailty is particularly 
useful in elderly patients after a prolonged hospital stay, as it can 
lead to the development of new disabilities and dramatically 
worsen the risk of mortality, as pointed out by Volpato et  al. 
(2016) [see also Volpato et al. (2007)].
While it is common knowledge that an accurate estimation 
and follow-up of frailty is essential for assisting geriatric patients, 
a universally shared definition of how to evaluate it has not yet 
been reached. Over 20 very heterogeneous indices have been 
introduced in the literature (De Vries et al., 2011). As discussed in 
Azzopardi et al. (2016) and in Rockwood et al. (2015), most state-
of-the-art tools to evaluate fragility are not homogeneous: many 
are simply dichotomous, other are more exhaustive and consider 
different aspects of the overall health status of a patient. We 
mention the Functional Domains tool (Strawbridge et al., 1998), 
the Frail Elderly Functional Assessment Questionnaire (Gloth 
et al., 1999), and the Groningen Frailty Indicator (Schuurmans 
et  al., 2004). More recently, new multi-dimensional strategies 
were proposed, such as the multi-dimensional prognostic index 
(MPI) scores (Pilotto et al., 2008). All these variants have some 
limitations, such as the lack of objective unbiased measures based 
on performance tests. This lack of systematization makes frailty 
indices difficult to use in the clinical practice.
Current scores are based on episodic evaluations of several 
dimensions (clinical, cognitive, functional, nutritional, and social) 
and on multi-morbidity defined according to the International 
Classification of functioning, disability, and health.1
Motility deficits are assessed by medical staff through sporadic 
quantitative tests, such as the evaluation of the hand grip, the Time 
Up and Go test, and the 4 m walk test. The other dimensions are 
normally assessed through qualitative evaluations and patient’s 
self-reported questionnaires. The latter are being used more fre-
quently in epidemiological studies, health service research, and in 
clinical trials to evaluate therapeutic interventions because they 
can capture the self-perception of the disease (Gobbens et  al., 
2010; Mulasso et al., 2016).
It is clear how defining a score based on quantitative and 
frequent observations over an extended period of time would 
improve the assessment of frailty and, possibly, provide a more 
reproducible and stable measure over time.
3. ADvANtAGes AND POteNtiAL OF 
cONtiNUOUs AUtOMAtic AssessMeNt
Recently, with the advent of assistive technologies and more effec-
tive data analysis tools, various approaches have been proposed 
that could be effectively used to provide an automatic assessment 
to frailty. Most of these approaches would also allow for a less 
sporadic and more objective evaluation. In this section, we sum-
marize relevant research highlighting its potential benefit to the 
frailty index estimation.
A first line of research explored the possibility of providing 
physicians with automatic analysis tools to adopt their daily 
practice. The work of Greene et al. (2013) compares the perfor-
mances in manually classifying frail or non-frail by means of the 
TUG (Time Up and Go) test and grip strength, with an automatic 
classification based on a regressor analyzing inertial sensor data 
acquired during TUG. The results show the benefits of adopting 
an automatic analysis. Gianaria et al. (2016) propose a method 
based on passive depth sensors (Kinect) and computational vision 
techniques to analyze the patient’s gait and infer information on 
motility. An automatic analysis of frailty, based on routine visits 
combined with the digital health record (EHR), was recently 
proposed by Clegg et al. (2016).
The benefit of an automatic system is that it would provide an 
alternative or additional information to the geriatrician and it 
1 http://apps.who.int/classifications/icfbrowser/.
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could be used by the non-specialist/general practitioner for a less 
sporadic assessment on frailty.
A second line of research is the so-called smart environments 
that would allow to monitoring patients at home. Cao et al. (2009) 
present a context-aware system based on video analysis and a 
reasoning mechanism; Zouba et al. (2010) describe the prototype 
of a smart home equipped with cameras and environment sen-
sors, Bathrinarayanan et al. (2013) evaluate an event recognition 
system based on video analysis. In all cases, the main effort is in 
recognizing actions and instrumental activities. They primarily 
focus on the functional domain, trying to detect anomalies with 
the goal of raising alarms.
The benefit of smart environments is that they may produce 
an up-to-date continuous analysis of the patient’s status, in a less 
stressful context. Moreover, the very large amount of data they 
gather may be the source for a more complex multi-dimensional 
analysis of the patient’s habits and behavior.
To summarize, automatic systems may participate in the health 
status assessment at different levels. Indeed, we may consider
•	 A continuous assessment of the patient at home, whose outcome 
is more robust as it relies on a longer term analysis, but it is 
harder to accept by the patient and the family and it is more 
complex to implement.
•	 An automatic, but not continuous analysis at the doctor’s office 
which may add an objective or complementary view, but it 
might be influenced by anxiety toward medical tests.
•	 A short-term continuous assessment during hospital stay that 
could be seen as a trade-off between pros and cons from the 
above alternatives, but has the limit of analyzing the patient in 
a not so comfortable setting, where stay in bed is encouraged 
and needed.
•	 A short-term continuous assessment in an ad  hoc home-like 
hospital facility to be used for a short time (with a maximum 
of 3 or 4  days), where the patient is free to move and carry 
out common daily activities, and in the meanwhile the system 
analyses the patient considering multiple dimensions.
The latter is the possibility that appears to have a higher benefit 
in the overall evaluation of the patients, to the price of an initial 
investment in designing an ad hoc environment. In the next sec-
tion, we will summarize the main features of the prototype system 
we developed as a consequence of the above analysis. We believe 
it may be a meaningful course of motivations to encourage scien-
tists investing their research in that direction and medical staff to 
try and replicate the model in their institutions.
4. A cAse stUDY: MoDiPro
In this section, we describe and discuss the MoDiPro (Modello 
Dimissione Protetta, Protected Discharge Model) facility hosted 
by E.O. Ospedali Galliera (Genova, Italy), which we present as 
a case study of a short-term continuous assessment system. A 
first important motivation of the project is the observation that 
prolonged hospital stays may worsen elderly patient’s health 
status and quality of life, not to mention they also cause a waste 
of economic and human resources (Lenzi et  al., 2014). To this 
purpose, we have designed and developed a working prototype 
of a protected hospital-discharge facility, a comfortable two-
bedroom apartment, whose long-term goal is to host patient’s 
prior discharge in a home-like environment. Here, patients may 
spend a few days being monitored automatically by sensors, while 
physicians and nurses can check on the patient remotely. The 
reduced presence of nurses and doctors will be, to some extent, 
balanced by the presence of sensors which monitor the patient’s 
activities and health measures. This concept would have a positive 
economic impact on the hospital infrastructure.
A second important aim of the project is to monitor the 
patient’s health status and independence (i.e., readiness to go 
back home), taking advantage of the time spent by the patient in 
the facility to carry out a further unobtrusive analysis of motility, 
activity of daily living and cognitive assessments. This analysis 
would be very useful. In particular, motility information could be 
added to the classical MPI, which is the reference index we adopt 
in our clinical practice. The concept implemented in MoDiPro 
is sketched in Figure 1. We carry out intelligent analysis of data 
streams provided by sensors installed in the facility, obtaining 
quantitative measurements that are added to the standard medical 
protocol. A first set of results on the analysis of RGB-D data have 
been published in Noceti et al. (2017). Today, we are testing the 
facility with volunteer users. The goal of these tests is to assess the 
robustness of our automatic motility assessment, and to evaluate 
the correlation with tests carried out by medical experts in their 
daily practice, in particular MPI (Multi-dimensional Prognostic 
Index), SPPB (Short Physical Performance Battery), TUG (Time 
Up and Go). The analysis considers the following measurements 
computed automatically over the whole observation period:
•	 Motility index (MI) describing the motility of a patient during 
the observation period; it is based on the overall time spent 
by walking/moving, the number of sit-to-stand transitions, the 
length of walks.
•	 Estimated maximum and average velocities of the walking 
instances in the observation period.
We have conducted two different experiments: a first one with 
an initial set of 5 volunteers we used for validating the system and 
fine tuning the parameters, and a second one with 15 test volun-
teers. All volunteers are active and healthy aging over 65 years 
old, with MPI ≤ 0.250. The same protocol has been followed for 
all subjects: each volunteer was first interviewed by geriatricians, 
who estimated MPI, SPPB, and TUG. After that, the volunteers 
spent at most 2 h in the facility, having the opportunity of mov-
ing, reading, watching television, having a slight snack or a drink. 
At the end of the first experiment, we computed a correlation 
analysis (Spearman test) and obtained the following results:
•	 MI and SPPB: Spearman coefficient = 0.95 p-val = 0.067
•	 MI and MPI: Spearman coefficient = 0.77, p-val = 0.14
•	 MI and hand grip strength: Spearman coefficient  =  0.96 
p-val = 0.008.
We notice a very high correlation between our motility index 
and the aggregate measurement SPPB and with one specific dimen-
sion (hand grip strength). We also observe a moderate correlation 
with MPI; this is not surprising, as MPI incorporates a wider class 
of dimensions which are not directly related with motility.
FiGUre 1 | Top: MoDiPro facility and the generated data flow. Bottom: an example of a patient localization in the main hall, with data recorded by two RGB-D 
sensors—color coded in red and blue, respectively. (The volunteer depicted in the figure has agreed to participate in the study and signed a written informed 
consent for the publication of the image).
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In the second set of experiments, we set the system parameters 
and the whole data stream was analyzed automatically. We obtained 
a much lower correlation between the automatic measurement and 
the standard ones (we report, for instance, a Spearman coefficient 
between MI and SPPB around 0.59). At a second inspection, we 
noticed that there is a significant degradation of the correlation 
results if we consider observation ranges below 30  min. If we 
restrict our analysis to patients spending at least 30 min in the 
facility, we obtain a Spearman coefficient between MI and SPPB 
equals to 0.90 with p-val = 0.012. It is more difficult to assess the 
reliability of our estimated velocities, as they are computed over 
a very heterogeneous and highly subjective set of activities, while 
the ones carried out by physicians are clearly associated with a 
specific request (e.g., walk along a line from a starting point to 
an end point). We report a correlation coefficient between the 
velocity associated with the TUG test and our estimated average 
velocity of about 0.71, p-val = 0.07 on both experiments.
The obtained results confirm the automatic measurements are 
meaningful, nicely correlated with medical tests, and can thus be 
used to assess motility between the sporadic medical evaluations.
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5. OPeN cHALLeNGes OF cONtiNUOUs 
AUtOMAtic AssessMeNt
From the analysis of current medical practice and recent research 
activities, including the outcomes of our MoDiPro project, we 
identify a set of open issues and suggestions for researchers 
interested in designing methods for a continuous automatic 
assessment of elderly patients and for physicians interested in 
adopting technological advanced solution.
•	 What are the minimal requirements? As it clearly emerged from 
our experimental analysis, for an effective continuous assess-
ment of patients’ motility, the observation needs to be carried 
out for some time to be able to capture meaningful informa-
tion and associate reliable estimates. To reduce the observation 
time, users should be encouraged to carry out activities. For 
instance, leaving a snack by the kitchen or fresh water in the 
fridge could encourage them to perform instrumental activi-
ties and walk across the room. Additionally, it would be very 
useful to create stimuli to obtain more reliable quantitative 
measurements (e.g., ring the door bell to guarantee the patient 
is going to walk toward a given, pre-defined direction: this 
would be useful for a reliable estimate of velocity).
•	 How to guarantee a good spatial-temporal coverage of the 
continuous assessment? A technical challenge one needs to 
face involves the complexity of analyzing day and night indoor 
environments of variable size and complexity. Redundant 
measurements, heterogeneous sensors, and multiple dimen-
sions are an important aspect of our approach and should be 
enhanced and fully exploited; different sensors have different 
precision in space and time (e.g., cameras provide limited 
information during the night and no information in privacy 
protected areas such as toilettes), and some areas are more 
informative than others and thus would require an extra care, 
and possibly the coverage of multiple sources. For this reason, 
MoDiPro hosts a redundant set of devices which have been 
included in the apartment during its design: non-recording 
cameras, depth sensors, passive infra-red sensors, ambient and 
wearable localization sensors.
•	 How to merge and complement automatic continuous assessment 
and sporadic domain-expert analysis? Currently, the assessment 
provided by the continuous automatic analysis is provided as 
a separate report. As an insight for future research, it would be 
worth investigating that the benefit in integrating the output 
of manual tests within the automatic analysis procedure. This 
could be applied to both manual tests on frailty and cognitive 
status as well as other clinical observations.
•	 How to incorporate the patient’s specificities? Common practice 
in continuous data analysis is to set up a training phase during 
which the system is calibrated and tuned to meet the speci-
ficity of a given environment or situation. This would mean 
adjusting parameters and fine tuning the system to better 
reflect the user’s habits. This approach is appropriate in the 
case of a long-term analysis; it is instead less effective in short-
term continuous evaluations, as in the case of MoDiPro. To 
mitigate this issue, one could exploit the doctor’s opinion after 
check in, to derive meaningful information on the patient’s 
abilities to be used as a guideline for the following automatic 
assessment.
•	 Can this model participate in a more general healthcare 
data collection? Healthcare data come from very heteroge-
neous sources. They may be structured, unstructured, and 
semi-structured data types, including laboratory results, 
medications prescriptions, and clinical observations, such as 
physician’s diagnosis, recommendations, discharge summa-
ries, or operative reports. All these quantitative and qualita-
tive data describe the patient from different points of view, 
but they are often difficult to integrate. The availability of 
state-of-the-art data analysis tools will provide, in the years to 
come, an up-to-date profile of the overall health status of the 
patient, to be shared among specialists, general practitioners, 
and families.
On this respect, the outcome an automatic assessment of 
frailty could be a meaningful complementary part of this general 
picture, providing additional information and automatic meas-
urements, for a better tailored treatment and follow-up.
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